stated: "Many oak forests and woodlands from Long Island to California are dominated by two oaks, one of the black and one of the white subgenus. The meaning of these subgenera in relation to niche differences is quite unknown; but one may ask whether the oaks form coadapted pairs, evolved into stable and obligate niche accommodation to one another and consequently distributed in close association with one another." The quotation raises a number of questions. First, how consistently are the two most dominant oak species of a forest in different subgenera? The observation that in some forests dominance is shared by a black oak (subgenus Erythrobalanus) and a white oak (subgenus Quercus, synonym Lepidobalanus) may mean little if there are more forests in which species of the same subgenus share dominance. Second, do black and white oaks co-occur more frequently than expected at random even when oaks are a minor element in the forest? Third, is the pattern of shared dominance due to consistent pairing of particular black and white oak species, or are many black-white combinations found in different stands within a region? The former situation would support the idea of"coadapted pairs, evolved into stable and obligate niche accommodation," whereas the latter situation would indicate that black oak species as a group occupy substantially different niches from the white oaks.
Our current understanding of niche relations of plants is extremely primitive. Usually, it is difficult to determine whether two species are able to coexist because of differences in niche parameters or due to disturbance processes which prevent competition from driving one to extinction. Investigators have often described differences in two or more species and then claimed that these differences allow coexistence. However, since the type and degree of difference which is required for coexistence is unknown, and since all plant communities are subject to a variety of disturbance processes, it is difficult to exclude the possibility that two species coexist because disturbance has prevented their interaction.
The distributional pattern described by Whittaker, as quoted above, offers an opportunity to rigorously test the hypothesis that niche differentiation plays a role in determining the composition of forest communities containing oak species. The test is indirect. If composition is purely the result of stochastic processes which determine the presence and relative abundance of species within the pool of those which are capable of surviving on a site, then forest stands with white-white or black-black pairs should be as common as those with white-black pairs. On the other hand, if white oaks and black oaks have niche differences that facilitate coexistence, and disturbance is not randomizing composition within habitat patches, then white-black pairs should be found in a disproportionate number of stands. Moreover, any tendency for the two subgenera to occur in different habitats would increase the frequency of stands with same-subgenera pairs, making a preponderance of whiteblack pairs less, not more, likely. In short, the aggregate behavior of the two groups relative to each other provides an indirect but statistically rigorous test for the existence of ecologically effective niche differences within the oak genus.
Methods. I examined sample data from 14 regional vegetation studies. The studies include a wide range of locations in the United States where oaks are a prominent component of the vegetation. For each data set I examined all vegetation samples containing at least two oak species and found the proportion of these which had the two most abundant oaks in the same subgenus. Abundance was measured differently in the various studies. Since there are two possible samesubgenera species combinations (black + black and white + white) and two possible cross-subgenera combinations (black + white and white + black), a random distribution of species in the landscape would result in half the stands having the two leading oaks in the same subgenus. Thus, the observed frequency of same subgenus pairs can be tested as a binomial proportion using the null hypothesis that the proportion is 0.5:0.5 (Snedecor and Cochran 1967) . Two data sets from California and one from Arizona included Q. chrysolepis which is classified in a third subgenus. Protobalanus (Trelease 1924; Tucker 1980) . Hence, for these data sets there are three samesubgenera combinations out of a total of nine combinations, giving a null hypothesis that the proportion is 0.33:0.67.
Results. Results indicate that in all but one region the two most dominant oaks are substantially more often of different subgenera than would be expected if the species were assorting randomly with respect to one another ( Table 1) . The predominance of pairs in different subgenera is statistically significant for 12 of the 14 regions. Moreover, it is interesting that when only those stands which have a low abundance of oak are included in the analysis, there still exists a significant tendency for the two most abundant oak species to be in different subgenera (Table 1) . Apparently the pattern holds even when oaks are only a minor component of the forest. Unfortunately, the second analysis could be performed on only three of the data sets; the others lacked sufficient stands (15 or more) with two or more oak species and low oak abundance.
Particular oak species did not occur as consistent pairs in the studies examined. Instead, any given species was likely to occur with several other species of a different subgenus. For example, in southeast Texas Q. michauxii, a white, occurred as a leading oak with any of four members of the black subgenus: Q. nigra, Q. laurifolia, Q. phellos, and Q. falcata var. pagodaefolia (Table 2). Similar variation in species pairing was also common in the other regions, as may be seen from the substantial number of different species pairs found in the various data sets (Table   1) .
Discussion. Apparently, niche differences between white and black oaks exist which are sufficient to allow their frequent co-occurrence. More important, the predominance of pairs consisting of members of different subgenera implies that, on average, species within a subgenus tend to exclude one another.
Although white and black oaks do tend to oc- cur together, the plurality of associates found with most of the species is incompatible with the notion of tightly coevolved species pairs sharing similar distributions. Another explanation is required. Conceivably, species in different subgenera may compete less for light, water, or mineral nutrients than species of the same subgenus. However, Bourdeau (1954) and Wuenscher and Kozlowski (1971) indicate that differences in drought tolerance are greatest between species within a subgenus rather than between subgenera. Racine (1971) tested the response of three oak species to gradients of light intensity, soil moisture, and soil type. In all cases he found that Q. rubra var. borealis (a black) and Q. coccinea (a black) were more different from each other than either was from Q. prinus (a white). Baker (1949) indicates no difference in shade tolerance between oak subgenera. More critically, if the apparent compatibility of black and white oaks was due to differences in the use of basic growth factors, then one would not expect the pattern of codistribution in forests with low abundance of oaks. In such communities competition for basic growth factors comes primarily from the dominant non-oaks, and the oak species have little opportunity for competitive interaction. Oaks are attacked by a variety of fungi and other diseases (Carter 1941; Roabe 1980) , and to some extent the two subgenera differ in their susceptibility (Scheffer et al. 1949; Bretz 1951; Brinkman 1952) . If the diseases have density dependent effects on mortality and reproduction then they could foster coexistence of the two groups. On the other hand, disease outbreaks could eliminate one or the other group from particular stands, making same-subgenera pairs more likely. Evaluating the probability of these contrasting effects is difficult in the absence of long term, multispecies, demographic studies of diseased oak stands.
The most likely hypotheses explaining the codistribution of white and black oaks involve differences in regeneration niche (Grubb 1977 ). First, species in different subgenera may be able to coexist due to asynchrony in acorn production. Asynchronous establishment has been shown to promote coexistence of otherwise similar species in several model systems (Chesson and Warner 1981; Shmida and Ellner 1984; Warner and Chesson 1985) .
All oak species show large year-to-year variation in the size of their acorn crops. For many tree species, such mast fruiting behavior is synchronized across several species in a forest (Smith 1970; Silvertown 1980) , and the oaks are no exception (Table 3) . However, the species within an oak subgenus tend to be better synchronized Table 2 . Pairs of species occurring as the two most abundant oaks within forest stands in the Big Thicket, southeast Texas. Data are from P. L. Marks and P. A. Harcombe (unpublished) . Phenology of leaf display is indicated in parentheses for each species: D, winter deciduous; E, evergreen; S, semi-evergreen (Correll and Johnston 1970 with each other than they are with members of the contrasting subgenus (Table 3 ). The probable explanation is that the black oaks (and oaks of subgenus Protobalanus) usually require two growing seasons from flowering to seed set whereas the white oaks require only one (Trelease 1924; Langdon 1939; Stairs 1964; Mogensen 1965) . As a consequence, the seed crops of species in different subgenera must to some extent be determined by different environmental cues. Of course, many flowers do not produce mature fruits (Wright 1953; Gycel 1956) , and flowers or young acorns of black oaks could be sloughed in response to the same cues which control flowering and immature seed loss in the white oaks. Although such a mechanism could lead to some synchrony across subgenera, only one of the three studies summarized in Table 3 showed even a weak overall tendency toward synchrony across subgenera. A consequence of the difference in fruiting behavior is that establishment sites which become available in any given year will be captured principally by members of only one subgenus, but the identity of the successful subgenus will vary with the relative size of their seed crops. Since oaks as a group are only moderately shade tolerant (Baker 1949; Fowells 1965) , canopy openings may constitute one type of establishment site which is temporally partitioned by this mechanism (Carvell and Tryon 1961) . Local variation in the depth of leaf litter and the intensity of competition from herbs also affect the success of oak seedling establishment (Barrett 1931; Scholz 1955) . If regeneration sites are in short supply for any of these reasons, then asynchronous fruiting of the two subgenera will tend to favor their co-occurrence.
Regions in which Q. agrifolia, Q. emoryi and Q. hypoleucoides are common provide a partial test of the asynchronous fruiting hypothesis. These southwestern species are members of the black subgenus, but mature their acorns in a single season (Correll and Johnston 1970; Elias 1980) . If the number of stands with annual-annual and biennial-biennial species pairs equals or exceeds the number with annual-biennial pairs, then a difference in fruit maturation time cannot be the mechanism responsible for the pairing of oaks in different subgenera. This approach also simplifies analysis of data sets containing Q. chrysolepis in the subgenus Protobalanus. Like the majority of black oaks, species in the subgenus Protobalanus require two seasons to mature their acorns. Reanalysis of the four data sets from California and Arizona shows that annualannual and biennial-biennial species combinations are more frequent than annual-biennial combinations (Table 4) . Apparently mechanisms other than differences in maturation period are responsible for the high frequency of cross-subgenera pairs in the Southwest. In other parts of the United States, asynchronous reproduction may still facilitate coexistence. Second, behavioral responses of seed predators and dispersal agents toward acorns of different subgenera may facilitate coexistence by creating spatial and temporal variation in relative establishment success. Acorns are attacked by a diverse assemblage of birds, mammals, and insects, including squirrels, mice, deer, jays, turkeys, curculio beetle larvae, moth larvae, and gall-forming cynipid wasps (van Dersal 1940; Christisen and Korschgen 1955; Gibson 1969; Short 1976; Bosema 1979) .
White and black oak acorns differ consistently in their food properties. White oak acorns tend to have low lipid concentrations of 4-10% and Table 3 . Correlations between the acorn crops of different species inhabiting the same region, summarized according to whether the members of a species pair were in the same subgenus or in different subgenera. Correlations based on the studies by Downs and McQuilkin (1944) and Bums et al. (1954) were taken from Silvertown (1980) . Data of Wright (1953) low tannin concentrations of 0.5-2.5%, whereas black oak acorns have higher lipid concentrations, typically 18-37%, and higher tannin concentrations of 6-9% (Ofcarcik and Burns 1971; Short 1976 ). In addition, acorns of the white oak group generally germinate in the fall whereas those of the black oak group usually germinate in the spring (Aikman 1934; Bourdeau 1954; USDA 1974; Barnett 1977) . When germinating, a white oak rapidly converts stored food into a woody taproot which some acorn seed predators are unable to use as food (Smith and Follmer 1972; Fox 1982) . All of these differences in acorn properties make it likely that in any given locality acorns of the two subgenera will to some extent be attacked by different suites of seed predators. For example, Korstian (1927) found higher rates of insect attack on black oak acorns, and Gibson (1969) indicates that many of the curculio beetles which attack acorns show strong preference for one subgenus. Smith and Follmer (1972) and Lewis (1980) found that squirrels preferred acorns of black oak species. In contrast, Short (1976) found that captive squirrels preferred white oak acorns. Fox (1982) found that squirrels foraging in the fall tend to eat white oak acorns immediately or excise the embryo before burial, whereas they prefer to bury black oak acorns undamaged for consumption during the winter. Since seed predators generally have a large impact on acorn crops (Burns et al. 1954; Tryon and Carvell 1962; Marquis et al. 1976) , fluctuations in population size of various predator species could lead to differential escape by one subgenus or the other in any particular year. However, a large proportion of the predators are generalists which will tend to switch to less attacked species. Thus, the effectiveness of seed predators in facilitating coexistence probably depends on the spectrum of predators active in a particular region and stand.
Dispersal behavior of squirrels provides a third mechanism which could lead to differences in the regeneration niches of black and white oaks. Stapanian and Smith (1978, 1984) and Sork (1984) have discussed the importance of squirrel dispersal of nuts, including acorns. The findings of Fox (1982) mentioned above imply that acorns of black oak species are more widely dispersed by squirrels than are those of white oak species (Smallwood and Peters 1986) . Essentially, white oak acorns will be concentrated in small patches of the forest near parent trees and will therefore have higher probability than black oaks of obtaining potential regeneration sites within those patches. In contrast, black oak species will be more likely to reach establishment sites which are distant from white oak trees, whether those sites are under a black oak or not. In general, two species whose reproduction is limited by the availability of establishment sites should be able to coexist more easily whenever one concentrates its propagules into a small area while the other disperses them widely. In addition to differences in regeneration behavior, difference in the seasonality of leaf display may facilitate coexistence of oaks in some regions. In the Santa Lucia Mountains 51 of 72 pairs (P < 0.001) consist of a deciduous species, usually a white, with an evergreen or semi-evergreen species, usually a black or Q. chrysolepis.
In the San Jacinto Mountains an exceptionally large proportion of the co-occurrences (41 of 56) involve a single pair of species, Q. chrysolepis, an evergreen Protobalanus oak, and Q. kelloggii, a deciduous black oak. In the Big Thicket region of southeast Texas only members of the black oak subgenus show any tendency toward evergreenness. Of the 11 black-black pairs listed in Table 2 , 9 consist of a deciduous species with an evergreen or semi-evergreen species (P < 0.05). So many of the oak species in southern Arizona are evergreen that almost all pairs in the Mule and Huachuca data sets consist of two ever- a One-tailed test of the binomial proportion against the null hypothesis that the proportion is 0.5:0.5. The test checks for a higher than expected proportion of annual-biennial pairs as hypothesized in the text.
greens. The other data sets lack evergreen oak species. Thus, evergreen-deciduous pairs are more common than expected in the three regions which have an abundance of both types of oaks.
The exceptionally high frequency of co-occurrence of species in the same subgenus in the New Jersey Pine Barrens appears related to the high frequency of Q. ilicifolia (black) in that region.
Nineteen of the 25 same-subgenera pairs in that data set consist of Q. ilicifolia with either Q. marilandica or Q. velutina. Q. ilicifolia and the less frequent Q. prinoides are the only shrubby oaks in the northeastern USA (Fernald 1950) and it is possible that the difference in stature between Q. ilicifolia and its companions facilitates their coexistence. Q. ilicifolia is involved in a similarly high proportion of the same-subgenera pairs in the other three pine barrens areas of the northeastern USA: Long Island, 7.5 of 10; Shawangunk Mountains (NY), 4 of 4; Cape Cod, 5.5 of 7.5. In the Mule and Huachuca mountains of Arizona most of the co-occurrences are between species of different subgenera (Table 1) . Nevertheless, all but 3 of the 70 co-occurrences in these two data sets consist of species which differ in height at maturity (Trelease 1924; Elias 1980) . Both species of white oaks present in the San Jacinto Mountains are shrubby (Q. dumosa and Q. turbinella; Trelease 1924) and these co-occur only with tree-sized species of black oaks and Q.
chrysolepis. In the other data sets the oak species are all trees. Although some species are typically smaller than others, their stature at maturity is sufficiently variable that assignment to overstory versus understory position would often be difficult without first hand knowledge of each stand. Overall, it appears that differences in size among oak species may facilitate coexistence in some regions. With the exception of the New Jersey Pine Barrens, however, size differences seem less useful than subgeneric differences in explaining species co-occurrence.
Several studies have shown that within each subgenus, species tend to occur in different habitats, and further, that water availability (or deficit) forms the principal axis of habitat differentiation. For example, Whittaker (1969) showed that distribution curves of oaks in the Santa Catalina Mountains of Arizona were spaced along an elevational gradient, and further, that black oak and white oak species alternated along the gradient. Since precipitation increases and temperature decreases with elevation (Whittaker and Niering 1965) , it is reasonable to interpret the elevation gradient as primarily an axis of water availability. Similarly, Bourdeau (1954) has explained the distribution of oaks in Piedmont oakhickory forests by demonstrating that Q. stellata (white) and Q. marilandica (black) are more drought tolerant than Q. alba (white), Q. borealis (black), and Q. coccinea (black), but are insufficiently shade tolerant to reproduce in stands dominated by the latter group of species. Studies in Wisconsin, North and South Carolina, southeast Texas, and central New York similarly demonstrate that oak species frequently differ with respect to their location along gradients of site water balance (Curtis 1959; Racine 197 1; Marks and Harcombe 1981; C. Mohler and P. Marks unpublished data) .
These studies together with the data in Table  1 reveal a general pattern of niche differentiation in the oaks of the conterminous United States. First, within any region species are differentiated with respect to a habitat axis which can be described most succinctly as a moisture gradient, although the actual adaptations of species to site conditions may involve drought and flood tolerance only indirectly. Second, within any particular forest stand, coexistence is facilitated by subgeneric level differences in species' biology. In particular, is seems likely that differences in the reproductive characteristics of the black and white oak subgenera reduce competition for establishment sites. Differences in stature and the phenology of leaf display also appear to facilitate the coexistence of oak species.
Probably no single factor can explain the overall high frequency of co-occurrence of white and black oaks. Nevertheless, the existence of an association between the two subgenera implies that niche differences between members of a subgenus are less than the differences between members of different subgenera. Thus, niche differences appear to play a role in the organization of forests with oaks. The approach taken here could also be used to test the relationship between oaks and pines, oaks and hickories, and other pairs of taxa both of which have several species within a region. However, statistical tests of species co-occurrence cannot substitute for mechanistic studies of species interaction. In particular, further research is required to elucidate phenomena governing the interaction of particular pairs of black and white oaks in the field. 
